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ELECTROMAGNETIC－THERMAL　ANALYSIS　OF　AN　RF
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Maxwell’s　and　heat　transfer　equations　were　coupled　and　s　olved　to　detem血e　the　heating　characteristics　of　an
RF　rectangular　resonant　cavity　applicator　for　hyperthe㎜ia　befbre　the　cHnical　stage．　A　s㎞ple　human　body
model　with　blood　flow　and　a　fat　layer　was　constructed．　The　region　unaffected　by　tumor　was　shielded　from
electromagnetic　fields　by　using　conductive　caps．　The　surface　of　the　human　model　that　w　as　exposed　to　the
electromagnetic　fields　w　as　cooled　with　pure　w　ater　bolus．　Calculated　results　show　that　this　applicator　can　heat　a
deep－seated　tumor．
Key　wordsご娠ρ一seated　tumorぷ，　h）7perthermia，　reson碗ca吻applicators，　blood、flOW，　human
o「8an・
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　　　　Callcer　is　the　uncontrolled　growth　and　spread　of
ce11s．　It　call　affect　almost　any　part　of　the　body．　The
growths　often　invade　the　surrounding　tissues　and　even
metastasize　to（ilstant　sites［1］．　Therefbre，　it　is　desirable
to　remove　the　cancer　f『om　the　human　body　as　soon　as
possible．
　　　　Hyperthermia　i　s　a　cancer　therapy　that　fbcuses　on　the
differences　in　the　heating　sensitivity　of　a　tumor．　In
comparison　to　a　non－tUmor　cells　that　live　up　to　44°C，　the
tumor　dies　above　425°C．　By　using　electromagnetic
energy，　the　tUmor　cells　are　heated　up　to　a　temperature　at
which　they　die．
　　　　　　　　　　　う　　　　Heating　deVi　ces　fbr　noninvasive　hyperthermia，　fbr
example　radiofrequellcy　and　microwave　heating
applj　cators［2］，・have　already　been　developed．　However，
deep－seated　tumors　ca皿ot　be　sufficielltly　heated　by
these　deVices　because　of　the　complex　human　tissues　and
the　cooling　effect　caused　by　the　blood　flow．　A　phased
array　system［3］with　multiple　antennas　can　fbcus　the
electromagnetic　energy　on　a　deep－seated　tumor．
However，　it　is　very　difficult　to　determine　the　optimum
amplitude　and　phase　of　power　fbr　each　patient．　ih　recent
experimental　studies，　very　small　implants［4］and
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magnetic　fluids　have　been　developed；they　can　heat　a
tumor　u ing　an　inductive　heating　applicator．　The
ques ion　is　how　to　fbcus　the　energy　on　local　regions
conta ning　the tumor　in　the　human　body．　Numerical
stud es　have　reported　a　new　heating　technique－the
annular－shaped　inductive　aperture－type　apPlicator［5］has
been　reported．　Irt　the　report，　a　cylindrical　body　with　a　fat
I yer　was　used．　Although　heat　generation　was　pOssible　in
deep　regions　 f　the　body，　it　was　noted　that　the　heating
occ rred between　the　muscle　and　the　fat　layer．
　　　　We　have　already　reported　a　reentrant　cavity
applicator　that　t rgets　deep－seated　tumors［6，7］；the　deep
region　of　a　small　disk－shaped　dielectric　phantom　could
be　h a ed．　We also　have　developed　an　RF　rectangular
resonant　cavity　applicator　fbr　a　larger　model　with
d ep－seated　tumors．　By　optimizing　the　positions　of
multiple　ante皿as in　the　applicator，　we　heated　the　deep
interior of　th 　phantom［8－10］．　hl　order　to　realize　local
heat血g，　conductiv 　caps　were　attached　to　the　dielectric
ph nto肌As a　result，　we　could　heat　the　selective　region．
B fbre　the　clinical　stage，　it　is　necessary　fbr　us　to　model
he　components　of　a　human　body　accurately，　e．g．，blood
flow，　human organ　s，　and　the　fat　l　ayer．
　　 　hl　thi 　paper，　we　investigate　the　heating
char cteristics　of　an　RF　rectangular　resonallt　cavity
applicator　fbr　deep－seated　tumors　befbre　the　clinical
stage．　Simulation　results　show　that　this　applicator　can
heat　deep－seated　tUmors．　Therefbre，　it　is　possible　to
apPIy　this　RF　cavity　apPlicator　in　the　clilical　stage　fbr
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heating　deep－seated　tumors．
2．】旺’rectangular　resonant　cavity　apPlicator
　　The　experiment泣setup　used　in　our　study　is　ilustrated
in　Fig．1［9，10］．　The　apPlicator　consists　of　a　coPPer　plate
with　the　following　dimensions：1300　mm　length×1500
㎜width×1450㎜height×0．5　mm　thickness．
　　In　the　cavity　applicator，　conductive　caps　were　attached
to　the　object　to　be　heated　and　the　object　was　placed　on　a
wooden　table．　Note　that　the　caps　protect　the　normal　cells
丘om　the　electromagnetic　field．　hl　addition，　the　caps
enable　efficient　heating　of　the　local　region．　An　L－type
ante皿a　was　fabricated血om　a　coPPer　pipe．　As　shown　in
Fig．2，　the　antenna　is　placed　at　the　．　optimum　point　x＝
zl50　mm　for　heating　the　deep　region．
　coPPer　cavity
b。i，g　heat。d＼1・・nductive
　　　object　　　　　　　　　　　　　caps
L－type
antenna
wooden
　　table
ヒ、
1500
1450
unit　of　dimensions：mm
Fig．1　Experimenta1　setup　used　in　our　study・
450mm
applicator
condunductive　caps
　x，L。　b・i・gheat・d・bject
Fig．2　Setup　of　the　antenna　and　the　obj　ect　to　be
Ileated．　Optimum　feeding　point　of　the　L・type　ante皿a
w鵬x＝450㎜
3．Electromagnetic・heat　transfer　equation　considering
the　bloOd　flOW
　　For　analyzing　the　electromagnetic　field　in　the　cavity，
we　solved　Maxwell’sequations　using　the　three－dimensional
finite－diffe ence　tiMe－domain（FDTD）method［11］．
▽×E－一μ票・▽×H一σE＋・讐（1）
whereμ，σ，　 nd　E　represent　the　permeability，　electrical
onductivity；and　permittivity，　re　sp　ecti　vely．　The　wire
appr ximation　method［12］was　used　to　model　the
L－type　ante皿a．　A　voltage　source　supplied　a　sinusoidal
output．　in　the　electromagnetic　analysis，　we　frrst　derived
the　resonant　frequencies　in　the　cavity・　Then，　the
electromagnetic　energy　at　the　lowest　resonant　frequency
was　applied．　After　analyzing　the　fields，　the　object　that
was　heated　by　using　the　electromagnetic　energy　was
examined　using　the　fbllowing　fbrmul　a．
　　　　　　　吋σ∫IEI24τ
The　t㎞e－dependent　heat－transfer　equations［13］
ρ÷λ▽2T＋e
2＝－Wc＋Wh
q一α。（τ一T。）
（2）
（3）
（4）
（5）
are　solved　by　the　three－dimensional　finite－element
method（FEM）；in　the　above　equations，　p，　c，λ，e，　g，αc，
and　Tc　denote　the　volume　density　of　the　organ，　specific
heat　capacity　of　the　organ，　themial　conductivity　of　the
organ，　heat　generation　by　considering　the　cooling　effect
of　the　blood　flow　W．　and　the　electromagnetic　energy　Wh，
heat　flux，　heat　transfer　coefflcient，　and　extemal
teMI）erature，　respectively　The　cooling　energy　is　defined
by　the　following　equation：
　　　　　　　　　Wc－（Fp）（ρ、Cb）（T－Tb）　　（6）
In　this　equation，　F，　Pb，　cb，　and　Tb　denote　the　amount　of
blo d　flow　per unit　time　in　the　organ，　volume　density　of
blood，　specific　heat　capacity　of　blood，　and　temperature
of　blood，　respectively；Tb　is　constant　at　37°C・Fis　given
by　the　following　expression：
　　　　　　　　　F＝F，exp（O．0957B．（T－Tb））　　（7）
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The　value　of　F　depends　on　the　ti　ssue　temperature，　where
Fs　is　the　amount　of　blood　flowing　in　the　organ　at　37°C
and　Br　is　the　temperature　dependence　of　the　metabolic
rate．　Ih　the　heat　transfer　analysis，　the　step－by－step
reevaluation　of　the　temperatures　in　equations（6）and（7）
is　performed　considering　this　cooling　effect．
4．CaVity　applicator　and　simple　human　body　mode1
11sed　fOr　calculation
　　In　the　electromagnetic　analysis，　we　modeled　an　L－type
ante皿a，　a　simple　human　body　model　with　blood　flow
and　fat　layer，　and　a　rectangular　resonant　cavity　apPlicator．
As　shown　in　Fig．3，　we　have　modeled　the　human　organs
with　blood　flow，　such　as　muscles，　fat，　liver，　stomach，
kidneys，　lungs，　and　the　deep－seated　tumor　in　the　liver．　As
shown　in　Fig．4，　we　divided　the　applicator　containing　the
human　model　into　regular　25mm　finite－difference　cells
［13］．The　electromagnetic　energy　was　interpolated　every
12．5　mm．because　we　used　an　FEM　brick　element　with　a
side　length　of　12．5　mm　in　the　thermal　analysis．　The
electric　and　thermal　properties　are　given　in　Table　1［14］．
The　wooden　table　used　in　the　experiments　was　not
considered　in　the　calculations　because　it　did　not　have　a
major　influence　on　the　electromagnetic－thermal　analysis．
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Fig．4　Finite・difference　cell　models　of　an　RF
rectangular　resonant　cavity　apPlicator　used　fbr　the
electromagnetic　analysis．　An　L・type　ante皿na，　a
simple　human　body　model　with　fat　layer，　and
conductive　caps　are　modeled．
Table　1　EleCtric　and　therma　1　properties　of　the　main
　　　　　　　　　　organs　of　the　human　body．
εr 　　σ
mS／m］
　　　λ
mW／m°C］
　　ρ
mkg／m3］
　　　c
mJ／kg°C］
　　凡
mm3／kgs］
　βr
m1／°C］
fat 8．5 0．06 0，220 900 23005．00×10－7 0．6
muscle72 0．80 0，600 1020 350083．Ox10－71．0
tumor78 0．89 0570 1040 39005．00×10与 0．0
1iver78 0．60 0，560 1020 3500 144×10－70．8
stomach77 051 0，560 1020 350050．0×10－7 0．6
kidney89 1．0 0，560 1020 3500 667×10－70．8
lungS40 0．35 0，480 300 3500 722×10－70．8
1100mm
5．　　ResUltS　and　discussion
　　　　　The　calculated　results　are　shown　in　Figs．5－9；
where　the　ante皿a　is　placed　as　shown　in　Fig．2．　The
starting　temperature　To，　room　temperature　Tc，　and
resonance　ffequency　fr　fbr　each　condition　are　listed　in　the
figure　captions．
（a）Centra1　z－x　plane　of　the　human　mOde1．
§
x
fat
（b）Central　y・z　plane　of　the　human　model．
Fig．3　Human　body　mode1　With　a　fat　layer．
（a）　Case　in　wh励仇θμ吻εr劔g〃ow∂
　　　　　Fig．5shows　the　electromagnetic　energy　and
ternperature　distributions　of　the　simple　human　model
without　the　fat　layer．　ln　Fig．5（a），　it　is　fbund’that　the
energy　i　s　concentrated　in　the　surface　region．　Ih　addition，
it　is　observed　that　the　energy　is　slightly　fbcused　on
regions　with　low　conductivity，　fbr　example，　the　stomach
and　liver　regions　that　are　affected　by　the　tumor．　As
shown　in　Fig．5（b），　the　tumor　is　heated　because　of　little
blood　flow　through　it．　The　temperature　increase　in　the
other　body　parts　is　limited　because　of　the　increase　in　the
blood　flow　with　the　temperature．　Fig．6shows　the
temperature　increase　in　the　surface　region　and　the
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deep－seated　liver　tUmor．　It　is　found　that　only　the　tumor
region　has　a　high　temperatUre．　Therefore，　it　may　be
stated　that　this　apPlicator　can　heat　the　deep－seated　liver
tUmor　in　case　there　is　no　－fat　layer．
伊戊Case机which〃ie／iZt吻er　is　co〃sidei「■∂
　　Fig．7　shows　the　electromagnetic　energy　and
temperature　distributions　in　the　case　of　the　simple　human
model　with　a　fat　layer．　Ih　Fig．7（a），　it　is　observed　that
the　electromagnetic　energy　is　fbcused　on　the　boundary
between　the　muscle　and　the　fat　layer．　Moreover，　this
energy　is　mainly　fbcused　on　the　liver　and　the　stomach．
As　observed　in　Fig．7（b），　the　deep－seated　liver　tumor　is
heated　to　a　high　temperature．　However，　lt　ls　necessary　to
reduce　the　surface　temperature　by　using　a　cooling　system
such　as　a　water　bolus．　Fig．8shows　the　temperature
distribution　of　the　model　when　a　pure　water　bolus　is
employed．　It　can　be　ob　served　that　the　surface　region　was
cooled．　The　increase　in　temperatures　of　the　tumor　and
the　surface　region　with　and　without　the　bolus　is　shown　in
Fig．9；It　is　observed　that　the　water　bolus　cools　only　the
surface　region　significantly，　and　it　does　not　cool　the
tumor．　Therefore，　it　may　be　possible　to　use　this　cavity
・pPlicat・・with　th・w・t・・b・1u・f・・heating　deep－seat・d
　　　　　vぐ
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Fig．5Electromagnetic　energy　and　temperature
distributions　for　the　simple　human　model　Without　a
fat　layer．　Here，　To，　Tのand　f．　are　37°C，24°C，　and
63．17MHろrespectively・
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Fig．7Electromagnetic　energy　and　temperature
distribution　for　the　simple　human　model　Wtth　a　fat
layer．　Here，　To，　Tc，　and　f．　are　37°C，24°C，　and　63．07
MHz，　respeCtively．
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Fig．8T叫・ratur・dist・ibuti・n・n　fat　layer　and
tumor　under　the　application　of　a　pure　water　bohus．
Results　are　shown　in　the　centml　zx・Plane・
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Fig．9　Temperature　increase　in　the　surface　regi　on　and
deep・seated　t㎜or噛and　without　the　water　bo1鵬．．
6．　Condusion
　　The　heating　characteristics　fbr　an　RF　hyperthermic
system　by’using　a　rectangular　resonant　cavity　apPlicator
have　been　investigated　numerically　fbr　application　to
deep－seated　tUmors．　B　efbre　the　clinica1・stage，　a　simple
human　body　model　with　blood　flow　and　a　fat　layer　was
modeled　and　analyzed．　We　obtai　led　improved　heating
pattems　fbr　a　deep－seated　tumor　as　compared　to　those
obtained　　in　　our　previous　studies．　Therefbre，　this
apPlicator　is　suitable　fbr　the　heati皿g　of　deep－seated
tumors　’奄氏@hyperthermic　treatment．
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